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Gene transcription mediates many vital aspects of mammalian embryonic development. A comprehensive characterization and analysis of the
dynamics of gene transcription in the embryo is therefore likely to provide significant insights into the basic mechanisms of this process. We used
microarrays to map transcription in the mouse embryo in the important period from embryonic day 8 (e8.0) to postnatal day 1 (p1) during which
the bulk of the differentiation and development of organ systems takes place. Analysis of these expression profiles revealed distinct patterns of
gene expression which correlate with the differentiation of organs including the nervous system, liver, skin, lungs, and digestive system, among
others. Statistical analysis of the data based on Gene Ontology (GO) group annotation showed that specific temporal sequence patterns in gene
class utilization across development are very similar to patterns seen during the embryonic development of Drosophila, suggesting conservation of
the temporal progression of these processes across 550 million years of evolution. The temporal profiles of gene expression and activation of
processes revealed here provide intriguing insights into the mechanisms of mammalian development, embryogenesis, and organogenesis, as well
as into the evolution of developmental processes.
D 2005 Elsevier Inc. All rights reserved.Keywords: Development; Embryogenesis; Organogenesis; Transcriptional profiling; Evolutionary biologyIntroduction
Mammalian embryonic development is a complex interac-
tive dance which involves cell–cell signaling, cell migration,
differentiation, apoptosis, and a host of other biological
processes. Key elements of each of these processes are
controlled at the transcriptional level, and identification of
the genes involved in particular processes is often the first step
toward analysis of their functions at the biochemical and cell
biological level. Elegant studies of gene transcription through-
out embryogenesis and the life cycle of Drosophila and C.
elegans have shown the power that organized analysis of
transcription on the genome scale can have in revealing
insights into the organization of these processes and the genes
involved in them (Arbeitman et al., 2002; Birnbaum et al.,
2003; Furlong et al., 2001; Hill et al., 2000; Jiang et al., 2001;
Kim et al., 2001).0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.09.036
* Corresponding author.
E-mail address: rwagner@cvmed.stanford.edu (R.A. Wagner).The mouse is the primary model for the study of mammalian
development and disease because of its size, short generation
time, and the ease of creation of gene knockout mutants.
Mouse embryonic development has been extensively charac-
terized at the morphologic level, and the time of onset of many
developmental processes is known precisely. However, the
transcriptional background upon which these processes are
based has been systematically studied at a genome wide level
only during preimplantation development (Hamatani et al.,
2004; Wang et al., 2004; Zeng et al., 2004). Many of the most
important events in terminal differentiation and organogenesis
occur significantly later in development, between embryonic
days e8.0 and birth, and include differentiation and maturation
of somites and their mesodermal progeny as well as morpho-
genesis and maturation of the heart and circulatory system,
nervous system, digestive system, and organs such as the liver,
kidney, lung, skin, and pancreas. Gaining a broader knowledge
base about the genes involved in these processes will allow us
to focus on those which are utilized in normal development,
and which, if misexpressed, may lead to altered development
and disease.88 (2005) 595 – 611
www.e
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assessing global gene expression patterns. We have developed
mouse cDNA microarrays optimized for the analysis of
embryonic development by combining genes from the NIA
15K mouse developmental gene set (Carter et al., 2003),
composed primarily of genes expressed in early embryonic
development, with the Riken 22K mouse gene set (Miki et al.,
2001) derived from older embryonic and adult tissues. These
were supplemented with several thousand ES cell line derived
ESTs and known developmentally important genes to create
arrays containing 43,200 gene features representing ¨25,000
unique genes. We have used these microarrays to systemati-
cally assess the global gene expression profile of mouse
embryos from e8.0 to postnatal day 1 when much of
organogenesis occurs.
Materials and methods
Embryo collection
Details are available as Supplemental data. Embryos were obtained from
timed pregnancies of C57Bl/6 mice and staged by careful observation of
morphological criteria (Kaufman and Bard, 1999) to obtain three separate pools
of 10–15 embryos for each of the 18 developmental stages studied, e9.0, e9.5,
e10.0, e10.5 (n = 15/pool), and e11.0, e11.5, e12.0, e12.5, e13.0, e13.5, e14.5,
e15.0, e15.5, e16.5, e17.5, e18.5, and P1 (n = 10/pool), with the exception of
e8.0 (n = 60 embryos in 1 pool).
RNA extraction, labeling, and microarray hybridization
Details are available as Supplemental data. RNA was extracted from each
pool of embryos using Trizol extraction followed by purification on Qiagen
RNeasy columns (Qiagen, Inc). A universal mouse reference RNAwas prepared
from e17.5 mouse embryos and used for all hybridizations so that all arrays
could be compared (Miki et al., 2001). Three biological replicate microarray
hybridizations using 30 Ag of input RNA to create labeled Cy3 (timepoint) or
Cy5 (common reference) cDNA were performed for each embryonic stage
(except e8.0, n = 1) and hybridized as previously described (Tabibiazar et al.,
2003), for a total of 2,203,200 gene expression measurements.
Data analysis
Details are available as Supplemental data. Microarrays were scanned using
an Agilent G2565AA scanner, and the data were LOWESS normalized using
GeneData Refiner software (GeneData Corporation, South San Francisco, CA).
The data were analyzed using GeneData Expressionist microarray analysis tools,
Significance Analysis of Microarrays (Tusher et al., 2001), Hi-Throughput
GOMiner (Zeeberg et al., 2003), Heatmap Builder (Ashley et al., 2004), and
TIGR Multiple Experiment Viewer (Saeed et al., 2003) Data from the e8.0
timepoint were not included in comparative statistical analyses because this
timepoint was represented by only a single microarray and because embryos at
this timepoint were not dissected away from yolk sac, making comparisons with
other samples derived only from embryo problematic. Some genes are
represented more than once on the array, and different ESTs may correspond
to the same gene. Thus, while it would be most accurate to refer to ‘‘array
elements,’’ for simplicity, we refer to them as ‘‘genes’’ instead. Primary data and
annotation are available on our website (http://www.mousedevelopment.org) and
at ArrayExpress (http://www.ebi.ac.uk/arrayexpress/).Fig. 1. Global overview of transcription during embryonic development. (A) H
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Stage-specific gene expression profiles during normal mouse
embryogenesis
RNA was harvested from three separate pools of 10–15
embryos for each of the 18 developmental stages studied,
e8.0, e9.0, e9.5, e10.0, e10.5, e11.0, e11.5, e12.0, e12.5,
e13.0, e13.5, e14.5, e15.0, e15.5, e16.5, e17.5, e18.5, and
postnatal day 1 to obtain proper biological and technical
replicates for probe labeling and array hybridization. Pooling
minimizes technical and statistical issues resulting from
embryo-to-embryo variation in gene expression (Agrawal et
al., 2002; Churchill, 2002; Kendziorski et al., 2003; Peng et
al., 2003). Embryos were staged by careful observation of
morphological criteria (Kaufman and Bard, 1999). A univer-
sal mouse reference RNA was prepared from e17.5 mouse
embryos and used for all hybridizations so that all arrays and
experiments could be compared (Miki et al., 2001). The e17.5
embryo reference RNA resulted in a signal of at least 2
standard deviations above background, allowing valid mea-
surements to be made, for ¨93–95% of array elements.
Three biological replicate microarray hybridizations were
performed for each embryonic stage (except e8.0, n = 1),
as previously described (Tabibiazar et al., 2003; Wagner et al.,
2004), for a total of 2,203,200 gene expression measurements,
with an average correlation between biological replicates of
0.77 to 0.90. Annotated expression profiles for any gene can
be interactively accessed by gene name, accession number, or
BLAST search at www.mousedevelopment.org. (Supplemen-
tary data and tables associated with this article can be found
in the online version or at http://microarray-pubs.stanford.edu/
mousedevelopment/).
Global overview of gene expression in the embryo
We sought to establish a global overview of gene
expression patterns in the embryo by using three types of
statistical analyses, hierarchical clustering, principal compo-
nents analysis (PCA), and K-means clustering. Initially, a
group of 17,491 variable genes from e9.0 to P1 was defined
using analysis of variance (ANOVA, P < 0.005) and was used
for these subsequent analyses. The e8.0 timepoint was not
included in statistical analysis because only one array
hybridization could be performed due to limited RNA
availability.
The timepoints were compared using hierarchical clustering
to determine which were the most similar in terms of gene
transcription (Sherlock, 2000). Hierarchical clustering demon-
strates that adjacent developmental stages have very similar but
distinct expression profiles, with increasing distance between
nodes as difference in stage increases (Fig. 1A). This suggestsierarchical clustering of timepoints demonstrates an orderly progression in
he major trends in the data, characterized as Eigengenes. Note the predominant
ematic representation of predominant cluster patterns. See Supplemental Tables
g to major GO biological process groups overrepresented in selected K-means
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to stage.
PCA is a dimensional reduction algorithm which identifies
common trends in data sets. When applied to this data set, PCA
analysis identifies component 1 as a set of thousands of genes
with gradually increasing expression across development and
the converse group of thousands of gradually decreasing genes
(Fig. 1B). This finding is in agreement with the hierarchical
clustering results, showing that transcriptional changes during
mouse embryonic development are largely gradual, with the
major trends being slowly increasing or decreasing transcrip-
tion across the time course.
Time course analysis of coordinated patterns of expression
While overall transcriptional change is gradual during
development, many of the most interesting developmental
events are likely to be heralded by more discrete characteristic
alterations in transcription in groups of genes. We performed
K-means non-hierarchical clustering on the 17,491 variable
genes to identify clusters of genes with similar expression
patterns. From this analysis, ten major clusters containing a
total of 31 subclusters could be distinguished (Fig. 1C).
Component genes of all clusters are presented in Supplemen-
tal Table 2. Cluster 1 represents 6493 genes whose expression
declines throughout development, while Cluster 2 is com-
posed of 4440 genes with increasing expression across the
time course. Interestingly, these clusters overlap significantly
with the genes identified by PCA as correlated (upward
trending) or anti-correlated (downward trending) to principal
component 1, showing that distinct analysis methods yield
similar results.
The other defined clusters represent somewhat more
complex gene expression patterns, with fewer component
genes. As we shall discuss later, many of these patterns
correlate with distinct developmental events. Cluster 3 is
composed of 1928 genes with a characteristic jump in
expression between e9.5 and e10.0 followed by stepwise
increases to ¨e12.0. Cluster 4 contains 709 genes which
exhibit a dramatic rise in expression between e11.5 and e12.0.
Cluster 5 (503 genes) exhibits a smooth, U-shaped arc of
expression, gradually trending down from e9.0 to e13.0 then
increasing to p1. Cluster 5 genes substantially overlap with
genes of the second principal component in the PCA analysis.
Cluster 6 (369 genes) is characterized by a significant drop in
expression between e9.0 and e9.5 followed by slower
decreases to ¨e12.0. Cluster 7 (522 genes) genes have slowly
increasing expression from e9.0 to ¨e12.5, decreasing to
¨e15.0, with a more rapid decline thereafter, while cluster
8 (306 genes) genes describe a steeper rise and fall with a peak
at ¨e15.5.
Clusters 9 and 10 are characterized by more dramatic spikes
in expression. Transcription of cluster 9 (331 genes) genes is
dramatically upregulated between e15.5 and e16.0 before
dropping at e18.5. Genes in cluster 10 (379 genes) undergo a
sharp induction of expression at e16.5 and e17.5 before
declining at p1.Timing of the activity of biological processes during embryonic
development revealed through functional cluster analysis
To gain a more mechanistic understanding of the process the
genes in each cluster represent, we used Fisher’s Exact Test
analysis to identify Gene Ontology (GO) functional categories
which were significantly overrepresented in each of the defined
K-means clusters and PCA components (Zeeberg et al., 2003).
We will focus our discussion on highly significant biological
process categories in these clusters which shed light on both
broad and specific aspects of mammalian embryonic develop-
ment and, subsequently, their temporal similarities with
Drosophila embryonic development.
The sizes of cluster 1 (downward across the time course) and
2 (upward) suggested that there are major trends in gene
expression which might reveal interesting insights into develop-
ment as a whole. GO overrepresentation analysis of the
downward trending cluster 1 demonstrates that a number of
basic processes are significantly more prominent at early
developmental times and wane later (Supplemental Table
1.1). These include ‘‘DNA and RNA metabolism,’’ ‘‘cell
cycle,’’ ‘‘DNA replication, packaging, chromatin architec-
ture,’’ ‘‘nuclear organization and biogenesis,’’ ‘‘transcrip-
tion,’’ ‘‘translation and translation initiation,’’ ‘‘protein
folding,’’ and ‘‘pattern specification.’’ The overrepresentation
of these categories at earlier developmental times fits the
postulated embryonic pattern of extremely rapid cell division
and proliferation early, with substantial later withdrawal of many
cell types from the cell cycle and consequent decreases in DNA
replication and associated processes. Transcriptional processes
are also more prominent early, with the expression of a large
number of transcription factors fitting this profile. As noted,
PCA analysis identified a group of genes anti-correlated to
component 1 which substantially overlaps the genes of cluster 1
and exhibits a similar downtrend in expression. The overrepre-
sented processes in this group are nearly identical to those of
Cluster 1 (Supplemental Table 3.2) Thus, these two independent
statistical analysis methods lead to the same conclusions.
Analysis of Cluster 2, the upward trending genes, highlights
a contrasting set of processes which become more active as
development progresses (Supplemental Table 1.2). Many of the
most significant categories in this group are ‘‘energy path-
ways’’ with subcategories including ‘‘fatty acid metabolism,’’
‘‘electron transport,’’ ‘‘TCA cycle,’’ ‘‘oxidative phosphoryla-
tion,’’ and others. ‘‘Cell adhesion’’ and related subcategories
are also highly enriched, as are ‘‘muscle development’’ and
‘‘contraction,’’ ‘‘defense response,’’ and its subcategories
involved in immune system development and function. Again,
the group of genes correlated to principal component 1 (upward
trending) in the PCA analysis substantially overlaps the genes
of cluster 2 and yields nearly identical results in GO
overabundance analyses (Supplemental Table 3.1).
Examination of categories in cluster 5, genes with a gentle
‘‘U’’-shaped expression pattern with a minimum at ¨e13.0,
revealed a striking enrichment in genes dealing with sugar
metabolism, including ‘‘glycolysis,’’ ‘‘gluconeogenesis,’’ and
related categories (Figs. 1C, D, Supplemental Table 1.5). This
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generally upward across this period of development, the
complete picture is somewhat more complex and may reflect
stage-specific conditions and requirements. In this case, genes
from principal component 2 of PCA overlap with those of
cluster 5, have a similar expression pattern, and yield similar
GO category overabundance results (Supplemental Table 3.3).
Cluster expression patterns correlate with specific
developmental events
As we analyzed the more complex K-means cluster patterns,
it became clear that categories of genes associated with specific
developmental processes were often characteristically overrep-
resented in particular clusters, contributing significantly to the
cluster ‘‘shape.’’ Among the most interesting is cluster 3, whose
genes undergo a significant jump in transcription between e9.5
and e10, with subsequent increases to a plateau at ¨e12.0. The
most overrepresented biological processes in this group include
‘‘neurogenesis,’’ ‘‘axonogenesis,’’ ‘‘central nervous system
development,’’ and other categories related to neural differen-
tiation and function (Figs. 1C, D, Supplemental Tables 1.3,
2.3). More than 80 genes from this cluster are known to be
associated with neurogenesis, including well-known neural
markers such as neurofilaments, NeuroD1 (Kageyama et al.,
1997), NCAM, FoxG1, Hes6, Scg10 (Stmn2), Robo1 (Sundar-
esan et al., 2004), Ephrin A5 (Bolz et al., 2004), and Eph A4
(Fig. 2A). The dramatic increase in transcription from this
cluster of neural genes occurs at the exact time when the walls
of the primitive brain and spinal cord begin to differentiate into
three distinct layers at ¨e10.0–e10.5 and shows remarkable
coordination of transcription of a large neural specific set of
genes (Kaufman and Bard, 1999). A significant number of
relatively uncharacterized ESTs are included in this cluster; this
population is undoubtedly highly enriched in novel molecules
involved in neural differentiation. Interestingly, co-regulation
of expression of a number of neuronal genes with a peak near
mid-embryogenesis was also observed in the analysis of the
Drosophila life cycle (Arbeitman et al., 2002) (Supplemental
Fig. 1).
Another very interesting expression pattern is that of cluster
4, which is characterized by a dramatic induction of transcrip-
tion between e11.5 and e12.0. The overrepresented biological
processes in this cluster primarily involve heme biosynthesis
and erythrocyte differentiation. Transcription of the major
chain of beta adult hemoglobin clearly begins in earnest at
e12.0 (see Fig. 2C), as it does for factors such as Tal1,
erythroid associated differentiation factor (ERAF), heme
binding protein 1 (HEBP1), and several enzymes involved in
hemoglobin biosynthesis (Koury et al., 2002) (Fig. 1D,
Supplemental Table 1.4). This corresponds with the beginning
of definitive hematopoiesis in the liver at e11.5–e12.0 when
hematopoietic stem cells from the blood islands have colonized
the septum transversum (Dzierzak and Medvinsky, 1995;
Kaufman and Bard, 1999).
One of the most striking expression patterns identified by
the K-means clustering is cluster 9, whose genes aretranscribed at relatively low levels until ¨e15.5–e16.0 but
are then remarkably induced to a peak at e16.5–e17.5 before
leveling off or dropping at e18.5 (Fig. 1C). Annotation analysis
shows that ‘‘epidermal differentiation’’ and related biological
processes are highly overrepresented in this cluster, with many
genes involved in differentiation of the skin stratum corneum
such as Casp 14 (Rendl et al., 2002), cystatin 6 (Zeeuwen et
al., 2001), envoplakin (Leung et al., 2002), periplakin, loricrin
(Hardman et al., 1998), kallikrein 7 (Komatsu et al., 2003),
KLF4 (Jaubert et al., 2003; Segre, 2003), MAFB (Ogata et al.,
2004), and SPPR1 (Tesfaigzi and Carlson, 1999) as well as
multiple keratin complex genes (Figs. 1D, 2G, expression
pattern of loricrin). The timing of this induction is exactly
coincident with terminal epidermal differentiation and perme-
ability barrier formation in the mouse, as would be predicted.
Interestingly, given the proposed role of Wnt pathway
signaling in epidermis and hair follicle development, Wnt4
and Wnt7b, both of which have been shown to be expressed in
the skin, are also included in this cluster (Alonso and Fuchs,
2003a,b; Shu et al., 2002).
Another dramatic pattern reflecting closely aligned induc-
tion of related genes is exhibited by cluster 10, where genes are
expressed at low levels before being induced dramatically at
e17.5 and e18.5. In the overabundance analysis, the biological
processes ‘‘digestion,’’ ‘‘lipid metabolism,’’ and ‘‘proteolysis’’
categories characterize a large number of these genes. Many of
these genes are associated with exocrine pancreatic activities
such as pancreatic trypsin 2 and 4, pancreatic lipase-related
proteins 1 and 2, carboxyl ester lipase, pancreatic colipase,
pancreatic amylase 2, carboxypeptidase A1, chymotrypsin-
like, pancreatic elastases 1 and 3b, as well as endocrine
pancreatic activity, exemplified by insulin1, insulin2, and
glucagon, and pancreatic differentiation and development,
exemplified by regenerating islet-derived 1 (Fig. 2H). Again,
induction of this suite of genes occurs just at the time of
pancreatic terminal differentiation and the onset of exocrine
and endocrine function at e17.5 and just in time to prepare the
soon to be born animal to digest on its own (Johansson and
Grapin-Botton, 2002; Kaufman and Bard, 1999).
Genes activated at specific developmental stages—validation
of clustering results using SAM analysis
To help validate the findings from the cluster analyses, we
used the Significance Analysis of Microarrays (SAM, FDR <
0.10) algorithm to look for sets of genes whose expression
abruptly changes in a statistically significant manner between
two developmental timepoints (Supplemental Table 4). The
results of this analysis confirmed many of the findings from K-
means clustering. For example, K-means clustering identified
cluster 3 as heavily weighted toward neural differentiation
genes upregulated at e9.5–e10.0. At this same timepoint, SAM
analysis identified 60 upregulated transcripts, of which at least
24 are involved in neural differentiation. Between e11.0/e11.5
and e12.0/e12.5, SAM identifies 384 upregulated genes,
including the adult hemoglobins and erythrocyte developmen-
tal proteins present in cluster 4. There is also a substantial
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between e15.0/e15.5 and e16.0/e16.5, with many of the same
keratinocyte maturation genes present in both. SAM analysis
also identifies the dramatic increase in transcription of
digestive enzymes and hormones between e16.0/e16.5 and
e17.5/e18.5 that forms the basis of K-means cluster 10. Again,
these findings show that independent analysis approaches can
be used to identify the same developmental events, supporting
the strength of the conclusions.
Evolutionary conservation of embryonic developmental gene
class usage patterns
Transcriptional studies of development in other species have
yielded interesting insights about not only single genes, but
also classes of genes and the timing of their utilization during
embryogenesis. Of particular interest to us was the elegant
analysis of the Drosophila life cycle (Arbeitman et al., 2002) in
which major temporal biases in the expression of classes of
genes during embryogenesis were noted, revealing a transcrip-
tional superstructure of development in the fly. Given the high
degree of conservation of genes, gene functions, and pathways
between Drosophila and mouse, we were interested in
systematically analyzing whether this transcriptional super-
structure was also conserved and in how such conservation
might provide insights into the evolution of developmental
mechanisms across the 550 million year gulf which separates
the two organisms. To do this, we compared gene class
expression patterns during mouse embryogenesis with each of
the six GO classes which exhibited clear patterns during
Drosophila embryonic development (Supplemental Fig. 2).
The analysis of Drosophila embryonic development iden-
tified a number of coordinately regulated classes of genes
representing biological processes which are highly active
during earlier stages of embryogenesis, but which decline as
the embryo nears the transition to the larval state. Given that
both early Drosophila and mammalian embryos are composed
of relatively few relatively undifferentiated cells that must
subsequently produce large numbers of differentiated cells
from which to create specific structures, we examined whether
classes of such as ‘‘cell cycle’’ and ‘‘transcription factor’’ likely
involved in these basic processes had similar temporal patterns
of utilization. During Drosophila embryogenesis, transcription
of cell cycle genes as a class is very high at the earliest
timepoints but declines steadily until the larval transition. We
observe a similar pattern of expression in the mouse embryo,
with G1 and G2 cyclins and their CDKs highly expressed
earlier in embryogenesis but declining later (Fig. 3A, Supple-Fig. 2. The data set recapitulates the developmental regulation of gene expression at
duplicate array elements are provided to demonstrate the degree of concordance betw
a log10 scale. (A) Onset of expression of neurofilament medium and light chains at ¨
The onset of definitive hematopoiesis at ¨e12.0 is evident from the expression patter
declines in characteristic patterns as development progresses. (D) Onset of matrilin e
phase at ¨e13.0–e13.5. (E) Pattern of lung surfactant expression just prior to birth
greatly induced at e18.5. (G) A dramatic peak in transcription of the keratinocyte gen
epidermal specific genes in cluster 9. (H) Expression pattern of pancreatic elastase
genes in cluster 10 exhibit a similar pattern.mental Table 1.1). Many other genes involved in cell cycle and
chromosome replication functions such as CDC homologs,
mini-chromosome maintenance (MCM) deficient genes, and
structural maintenance of chromosome (SMC) genes are also
seen to be more highly expressed early in development (Fig.
3B). Several exceptions included in the analysis serve as
controls. For example, ‘‘cyclins’’ G and G2 have a very distinct
expression pattern, peaking in late development. Why is their
expression different from the other cyclins? Cyclin G was
assigned its name due to homology with other cyclins but does
not function as a cyclical regulator of cell cycle progression but
rather as a target recruited upon p53 activation, which would be
expected to be expressed more robustly later in development
(Okamoto et al., 2002). CDC25b, unlike other CDC homologs,
has a later peak of expression which likely reflects its role as a
steroid hormone receptor coactivator (Chua et al., 2004; Ngan
et al., 2003). The G0/G1 switch gene 2, also with a late peak, is
expressed primarily in maturing lymphocytes and not other cell
types (Russell and Forsdyke, 1991).
As expected, the expression of cyclin/CDK inhibitors such
as p15, p18, p19, p21, and p57 is the converse of that of the
cyclins they inhibit, with quite low expression early which
increases as development proceeds (Fig. 3C). Again, an
interesting internal control for these observations is included
in the form of p27, a G1 cyclin/CDK inhibitor which is known
to be primarily post-transcriptionally regulated and which
shows little variation in transcript levels across the time course
(Hengst and Reed, 1996).
Two other major classes of genes were also noted to be
clearly expressed preferentially during early Drosophila
embryogenesis with tapering expression later: transcription
factors and chaperone proteins (Supplemental Fig. 2). These
patterns are retained during murine embryogenesis as well,
where transcription factors and protein folding genes are also
preferentially expressed early in development (Supplemental
Table 1.1). Again, upon consideration of the tasks required of
the early embryo of both organisms, which include the
extremely rapid production of cell constituent proteins in the
service of rapid cellularization and proliferation, it is not
surprising that there has been strong selective pressure to retain
these patterns as well.
Another clear class transcriptional trend that was noted in
the Drosophila study is the converse early very low class-wide
transcription of cell adhesion molecules, which are then
steadily and dramatically induced as the embryo approaches
hatching (Supplemental Fig. 2). This pattern fits with known
features of Drosophila development. At early stages, the
embryo is a syncytium protected by the egg shell, and theremultiple timepoints during embryonic development. Where possible, data from
een elements representing the same gene. Data presented as expression ratio on
e9.5–e10.0. (B) aA-crystallin expression begins in the lens cup at ¨11.5. (C)
n of adult hemoglobin. Transcription of the embryonic X, Y, and Z hemoglobins
xpression coincides with chondrocyte maturation and exit from the proliferative
. (F) Uncoupling protein 1 is required for non-shivering thermogenesis and is
e loricrin at ¨e16.5–e17.5 is representative of the expression pattern of many
in the developing embryo. Multiple pancreatic digestive enzyme and hormone
Fig. 3. Expression of cell cycle genes during mouse embryonic development. (A) Heatmap of cyclin expression across the time course. Cyclins are transcribed at
higher levels earlier in embryogenesis, with declining expression as the embryo matures. The cyclin G genes are not involved in cell cycle control but are targets of
p53 activation. (B) Other genes involved in DNA and cellular replication are more highly expressed during earlier embryogenesis. (C) The expression pattern of the
cyclin/CDK inhibitors is opposite to that of the cyclins they inhibit, consistent with a general slowing of cell cycle progression during later development.
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the time nears for the larva to venture into the world, cells must
remain oriented within compartmental boundaries, and the
organism must become more robust to handle gravitational andmechanical stresses, functions which require the presence of
such a framework.
The expression of cell adhesion molecules in the mouse
embryo exhibits the same temporal pattern. Again, while the
R.A. Wagner et al. / Developmental Biology 288 (2005) 595–611 603mouse embryo at the earliest stages assayed here has
differentiated into three cell layers, there is little need early
on for a very rigid extracellular framework since it is supported
and cushioned by extraembryonic structures and fluid. Indeed,
such a rigid framework would be a hindrance to the many
cellular migration processes still occurring during this period of
development. However, like Drosophila, as the mouse embryo
matures, it must transform from a loose aggregation of cells
into a much more sturdy assemblage in which there are tissue
and compartmental boundaries and which can interact with the
external environment and move without pulling itself apart and
thus must produce the collagens, fibronectins, cadherins, and
other cell adhesion proteins necessary for this function. Beyond
these genes involved simply in cell adhesion, the class of
‘‘structural’’ genes which includes many actins and actin
modifiers, tubulins, myosins, and other muscle contractile
gene, etc., are also expressed at very low levels during earlier
stages of embryogenesis in both Drosophila and the mouse,
with a dramatic rise as hatching or birth approach.
There is interesting evidence that the two types of embryo
handle another ‘‘birth’’-related stress in a similar way. One of
the most dramatic class expression trends that is seen in both
Drosophila and mouse embryogenesis is a concerted upregula-
tion of metabolic genes just prior to the end of embryogenesis
(Supplemental Fig. 2). In the case of Drosophila, many of the
genes that are activated are involved in mitochondrial oxidative
phosphorylation and ATP synthesis, and an extraordinarily
similar profile is seen in the murine embryo, where orthologous
genes from nearly all complexes of oxidative phosphorylation
are upregulated, as is fatty acid metabolism (Supplemental Fig.
3). What is the value of this conserved mechanism to both
organisms? Each must prepare beforehand to expend signifi-
cantly greater amounts of energy after birth, the larva for
muscle activity, mobility, and acquisition of food, and the
mouse pup for breathing, muscle activity, gastrointestinal
activity, etc., as it matures. Interestingly, as Drosophila enters
the pupal state, its metabolic gene expression reverts to the
early embryonic pattern, again low early in pupation and
increasing as eclosion approaches, with the onset of this
metabolically less active state anticipated by downregulation of
the whole suite of genes late in larval life, suggesting a
coordinated transcriptional regulation mechanism. There is
evidence for similar coordinated rapid reactivation of fetal
metabolic transcriptional patterns in the stressed mammalian
myocardium (Ashrafian et al., 2003; Stanley and Chandler,
2002; Wagner et al., 2004; Zhang, 2002), where coordinated
transcriptional downregulation of dozens of oxidative phos-
phorylation and fatty acid oxidation genes can take place as
rapidly 4–12 h after the insult (R. Wagner, data not shown).
Developmental regulation of muscle differentiation
genes—conservation of a discrete system
Muscle differentiation is an evolutionarily ancient process
which has retained many mechanisms across evolutionary time
and which has been examined in some detail in the microarray
experiments describing Drosophila development (Arbeitman etal., 2002). In both Drosophila and mammals, muscle develops
in segmental blocks along the longitudinal axis of the embryo.
In Drosophila embryogenesis, this differentiation takes place at
one time in a coordinated manner (Paululat et al., 1999). In
mammals, the paraxial mesoderm from which the segmental
somites develop differentiates in a rostral to caudal temporal
progression. Thus, the predicted developmental pattern of
expression for muscle differentiation genes (or characteristic
genes for any segmentally expressed somite derive tissue) in the
whole mammalian embryo would be a slow onset of expression
as the first early somites differentiate, with increasing levels as
more somites follow and the muscle compartment expands. The
K-means analysis identified two subclusters within the uptrend-
ing cluster 2 (subclusters 2a and 2b, Supplemental Tables 1.2a
and 1.2b) which are especially enriched for muscle develop-
ment and structural genes; the general expression pattern of
these clusters is one of gradually increasing expression across
the time course, with an upward inflection beginning at ¨e14.0
with a steeper upward slope thereafter corresponding with the
substantial expansion of muscle mass which occurs in the
embryo at this time. Fig. 4A shows a heatmap of muscle
developmental and structural genes, demonstrating their in-
crease in transcription in late embryonic life. A heatmap of
several specific genes utilized at specific stages of muscle
maturation shows this developmental progression more clearly
(Fig. 4B). MyoD is a bHLH muscle regulatory factor (MRF)
transiently expressed in the second wave of somitic myogenesis
beginning at e9.5 (Smith et al., 1994). Myocyte enhancer factor
2C (Mef2c) is a secondary transcription factor induced by the
MRFs, and myogenic factor 6 is the main MRF expressed in
myotubes and adult muscle (Yoon et al., 1997). We also
examined expression of several contractile component genes
including skeletal slow troponin T1, which is known to be
expressed as early as e10.5–e12.0 on (Krishan et al., 2000),
embryonic skeletal myosin heavy polypeptide 3, perinatal
skeletal muscle myosin heavy polypeptide 8, fast skeletal
myosin light chain, and skeletal muscle myosin heavy polypep-
tide 4. MyoD1 transcription is enhanced first at e9.5 followed
by a slow increase in transcription of MEF2C and troponin T1.
As muscle matures, there is increasing expression of Myf6, as
well as the onset of expression of structural muscle markers in
the appropriate developmental order.
The data set recapitulates known temporal regulation of gene
expression and highlights differentiation events
We were interested in asking the question of how closely
our microarray results corresponded with known expression
patterns, both as a validation of the data and as a demonstration
that an interesting expression pattern may be a useful guide for
suggesting novel genes for further study. Inspection of the data
set for known developmentally regulated gene expression
patterns shows that our results are consistent with reported
expression data from the literature for a large number of genes
representing multiple different tissues. For example, neurofila-
ment proteins are highly specific markers of neuronal
differentiation whose tentative first expression is seen in a
Fig. 4. Muscle differentiation in the developing embryo. (A) Heatmap of expression of skeletal muscle markers in the developing embryo. MyoD1 is the earliest
assayed marker and has a peak in expression at ¨e10.5. Downstream markers of differentiation appear later in the expected progression. (B) Condensed heatmap
more clearly demonstrates the sequential expression of muscle differentiation markers in the expected temporal progression.
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tube, and peripheral ganglia at e9.5, but whose expression is
robust and much more widespread by e10.5, as demonstrated
elegantly in several classic experiments (Cochard and Paulin,
1984; Edwards et al., 1989; Julien et al., 1986). Our array data
agree with these known patterns, showing dramatic induction
of transcription of neurofilament light (green lines) and
medium (blue) polypeptides, as expected, but not of the heavy
(purple) polypeptide, whose expression is known to increase
substantially only after birth (Fig. 2A).
The vertebrate lens expresses a number of crystallins, with
aA-crystallin being the predominant protein. These crystallins
function as lens-specific structural and light refracting proteins,
with additional chaperonin activities as well. Expression of aA-
crystallin has been shown to begin in a few cells in the lens cup
at e10.5 with a significant increase in expression in the lens
vesicle by e11.5–e12.5 (Robinson and Overbeek, 1996), a
pattern that is clearly reflected in the array data (Fig. 2B).
One of the best known mammalian developmental expres-
sion patterns is that of the fetal and adult globin genes. During
early embryonic development, fetal hemoglobin isoforms with
high oxygen affinity are expressed to optimize maternal-to-
fetal oxygen exchange, but, as the embryo matures, fetal
isoforms are gradually replaced by adult isoforms following the
onset of definitive hematopoiesis at ¨e12.0 (Fig. 2C). The
array data clearly demonstrate the onset of transcription of beta
adult hemoglobin (brown lines) message at e12.0, as well as
the slow decline of messages for Hgb Y, beta-like embryonic
(green), hemoglobin X, alpha-like embryonic (blue), and Hgb
Z, beta-like embryonic (purple) from e11.5 on as the fetal
chains are replaced by the adult isoform.
During endochondral bone formation, chondrocytes prog-
ress through a differentiation program before being replaced by
bone. Chondrocyte maturation and exit from the proliferative
phase are marked by the onset of expression of matrilin-1
(cartilage matrix protein) at ¨e13.0–e13.5, with strong
expression at e15.5 which declines somewhat by e17.5 as
chondrocytes are replaced by ossified bone (Aszodi et al.,
1994). Again, the expression profile of matrilin-1 derived from
our array data matches this known pattern closely (Fig. 2D).
A major complication of premature birth is respiratory dis-
tress syndrome caused by a lack of surfactant protein in the
lungs. In the mouse embryo, differentiation of type II alveolar
cells and the onset of expression of surfactant proteins is known
to occur beginning at ¨e15.5–e16.0, and the array expression
data are consistent with this, showing substantial induction of
surfactant associated protein C (Fig. 2E, blue lines) at e15.5.
Induction of surfactant associated proteins A (pink), B (black),
and D (green) occurs slightly later at e16.0, a progression which
has been well documented in previous studies (Mendelson,
2000; Whitsett and Weaver, 2002; Yang et al., 2002; Zhou et al.,
1996).
Differentiation of the serous cells of the salivary glands is
known to begin at around the time of birth and is necessary for
the production of secretions required to wet the oral mucosa and
allow feeding. Expression of two markers of serous cell
differentiation, parotid secretory protein (Psp) and demilunecell and parotid protein (Dspp), has been shown to increase
dramatically in the early postnatal period (Poulsen et al., 1986).
Our array data show that this expression actually begins slightly
earlier, with a dramatic rise in transcription in the embryo
beginning at e17.5 and continuing through p1, consistent with
both the timing of serous cell differentiation and the need for
production of these proteins (Supplemental Fig. 4).
The mitochondrial uncoupling protein UCP1 is expressed in
brown adipose tissue and is the major mediator of nonshivering
thermogenesis. Its function is to divert proton motive force
during oxidative phosphorylation by catalyzing a proton leak
across the mitochondrial inner membrane, causing a portion of
ATP synthesis to be bypassed and the energy to be released as
heat. In accordance with the known expression of UCP1, our
array data indicate that UCP1 (Fig. 2F, blue lines) transcription
is upregulated by over 10-fold at e18.5, just preceding birth, at
just the time when the embryo must prepare to maintain body
temperature on its own (Echtay et al., 2002; Jacobsson et al.,
1985; Nedergaard et al., 2001; Ricquier and Bouillaud, 2000;
Villarroya et al., 2001). In contrast, the transcription of the
related gene UCP2 (yellow), which does not significantly
contribute to thermogenesis, does not change significantly at
this time, appearing to fit with the slowly increasing general
mitochondrial expression pattern.
The genes which were examined for validation are
expressed at different times during embryonic development
and at different levels, represent a broad range of different
functions, and accurately reflect transcriptional changes ob-
served in previous studies across a range of expression levels.
This indicates that the expression data derived from these
experiments are accurate and complete enough to serve as a
valuable reference for the exploration of gene expression
during this portion of embryonic development.
Genes from important gene families are expressed in novel
patterns—hypothesis generation from the data set
Because of our interest in molecules involved in develop-
mental patterning, we examined the data for distinctive
expression patterns of genes from important pathways and
will present examples of several of the more striking of these
patterns. Given the complexity of the data set, these represent
only a few of the most interesting patterns but are illustrative of
the value of these data in hypothesis generation.
Zinc finger proteins are transcription factors which
regulate a broad range of processes (Ladomery and Dellaire,
2002). While many zinc finger protein genes have been
identified by sequence similarity, functional data exist for very
few. Given the multiplicity of genes, such information would
potentially be of great utility in determining which are worthy
of further study for their involvement in specific developmen-
tal processes. Fig. 5A shows the expression of the annotated
zinc finger genes on the array across the developmental time
course. Note that most of the genes are expressed more highly
at earlier times, consistent with the K-means cluster and GO
annotation analyses which identified transcription factors as
being more highly expressed earlier in development (cluster 1).
Fig. 5. Expression of zinc finger genes and developmental regulators during mouse embryonic development. (A) Heatmap of zinc finger gene expression across the
time course. Most of these transcription factors are predominantly expressed earlier in embryogenesis, but a subset have later peaks which may implicate them in
specific developmental events. (B) Expression patterns of Delta-like 1 and Delta-like 1 homolog. (C) Expression patterns of three homeobox genes, Prrx1, Prrx2,
and Lhx1, show distinct but different peaks in expression.
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of expression at later times during development, including
some with peaks in the perinatal period. The overlap of these
peaks of expression with specific known developmental events
raises the possibility that a specific zinc finger protein may
participate in some aspect of a specific developmental event.Similar analyses of other interesting gene families will also
suggest candidates for roles in specific processes, likely
leading to the discovery of interactions that otherwise might
remain hidden.
Another interesting example is that of the expression of the
two delta gene homologs on the array (Fig. 5B). Similarly
R.A. Wagner et al. / Developmental Biology 288 (2005) 595–611 607named, the two genes are Delta-like 1 (Dll1) and Delta-like 1
homolog (Dlk1). Dll1 is expressed at relatively high levels
until ¨e13.0 before dropping steadily until e14.5. Dlk1,
conversely, undergoes a significant increase in expression
between e13.0 and e14.5. Some evidence suggests that Dll1
plays a role in regulating the growth of myeloid and
lymphoid cells, (Ohishi et al., 2002; Tohda et al., 2003)
while Dlk1 may be involved in chromaffin cell differentiation,
which occurs from ¨e13.0 to e16.5, but the major roles of
these genes in development remain to be discovered (Huber et
al., 2002; Van Limpt et al., 2003).
Homeobox genes play important roles in developmental
patterning. The paired-related homeobox 1 and 2 (Prrx1, 2)
genes are necessary for normal limb and craniofacial develop-
ment from e9.5 on and have similar but not identical
developmental expression profiles with peaks of expression
at e12.0 and e9.5, respectively (Fig. 5B) (Lu et al., 1999a,b).
Another homeobox gene, Lim homeobox 1 (Lhx1), which is
required for forebrain and head development, is dramatically
transcriptionally upregulated at e10.0 and peaks at e12.5 before
declining steadily (Moreno et al., 2004; Shawlot and Behringer,
1995).Fig. 6. Expression database. Screenshot of the results page from our publicly availa
expression profile of any gene on the array can be accessed by Unigene name or
Stanford SOURCE database. Shown is the profile for the representative gene LimdPublic database
The data presented here have great potential for use by
molecular and developmental biologists studying a broad range
of problems. In addition to making raw data available for
further bioinformatics analysis, we have constructed a web-
based database that provides easy access to the data for
biologists (http://www.mousedevelopment.org). A continuous-
ly updated annotated expression graph for any gene on the
array can be accessed by accession number, gene name or
symbol, LocusLink ID, gene description, or sequence BLAST
(Fig. 6).
Conclusions
Embryonic development is a very complex process, and
any substantial deviation from the normal progression is
incompatible with life. This suggests that the most basic
processes and patterns are likely to have been conserved over
long evolutionary distances. While embryonic development
differs in myriad specifics between bilateral metameric
animals, we do, in fact, know from hundreds of years ofble database located at http://www.MouseDevelopment.org. The developmental
ID, LocusLink ID, or BLAST, with continuously updated annotation from the
1. Links to other major databases facilitate investigation of genes of interest.
Fig. 7. Overview of activity of biological processes during mouse embryonic
development. A number of processes including cell cycle, nucleic acid
metabolism, transcription and translation, and pattern specification are more
active at earlier stages in embryogenesis, while energy metabolism and
differentiation processes predominate later.
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development have been retained since the time of an ur-
bilateran common ancestor. Each arises from a single egg
cell, each forms a blastula, then undergoes a form of
gastrulation with the specification of three germ layers. In
each, cells from these germ layers migrate and further
differentiate, often in recognizably metameric patterns. Many
examples have taught us that specific conserved orthologous
genes are involved in mediating specific aspects of each of
these processes in homologous tissues from Drosophila (and
beyond) to mammals. Does this conservation extend beyond
morphogenetic patterns and transcriptional control of isolated
single genes to the level of conserved transcriptional
regulation of whole related classes of genes involved in
basic processes? Until now, with the advent of whole genome
sequencing and microarray transcriptional analyses, we have
been unable to answer this question. When we compare
patterns of gene class usage across this period of mouse
embryogenesis with Drosophila embryogenesis (Arbeitman et
al., 2002), we do note striking similarities in the timing of
the usage of whole classes of genes (Supplemental Fig. 2).
Genes involved in a number of processes such as cell
cycling, DNA synthesis and packaging, transcription, and
protein folding are expressed preferentially during earlier
stages of embryogenesis in both organisms, while those
involved in cell adhesion, energy metabolism, mitochondria,
and structural processes are preferentially utilized near the
end of embryonic development. These similarities suggest
that, as with the morphological aspects of embryonic
development, the transcriptional superstructure of embryonic
development arose once and has been conserved over roughly
550 million years of evolution via selective pressure to retain
an effective basic design, with developmental elaborations
that allow increased complexity built upon this solid
foundation. Alternatively, convergent evolution of similar
processes in response to common developmental require-
ments could give a similar result. While we support the
hypothesis that modern developmental transcriptional pro-
grams represent elaborations on a basic ur-bilateran develop-
mental transcriptional core, the final resolution of this
intriguing question awaits further investigation and analysis,
including in depth comparisons of transcriptional regulatory
sequences and microRNAs (Gru¨n et al., 2005; Krek et al.,
2005) among the species which could reveal details of
specific mechanisms of coordinate regulation.
Using several complementary statistical methods which
yielded very similar conclusions, we have identified groups of
genes of related function which are coordinately regulated to
achieve differentiation and maturation events vital to the
development of the embryo (Fig. 7). Exploration of the data
have highlighted the coordinated regulation of many genes
involved in distinct developmental events such as the onset of
neuronal differentiation, definitive hematopoiesis, muscle
differentiation and maturation, epidermal differentiation, and
terminal differentiation events in the pancreas and digestive
system. Given these distinct patterns, it is likely that study of
other genes and ESTs with quite similar expression patternswill lead to the discovery of new players in these develop-
mental processes.
During evolution, one of the mechanisms that has allowed
vertebrates to gain substantially more complexity without
similarly large increases in total numbers of genes is the
reutilization of genes for diverse functions in different tissues.
It is interesting that, despite this tendency, we are still able to
identify so many distinct events from a transcriptional analysis
in the whole mammalian embryo. However, gene reutilization
likely obscures clues about other distinct events occurring in
one tissue due to averaging of expression across the whole
embryo and may particularly obscure tissue-specific activation
of components of commonly used pathways such as Wnt, TGF,
BMP, and others.
A second characteristic of mammalian development also
likely interferes with the appearance of dramatic off–on
switching of genes. In vertebrates, the paraxial mesoderm
differentiates in a rostral to caudal temporal progression,
with early somite derivatives undergoing differentiation at
the same time when more caudal tissue is still undifferen-
tiated, unsegmented mesoderm. This developmental organi-
zation leads to the appearance of a slow graded increase in
transcription of genes from somite derived tissues, as
exemplified by the expression of muscle-specific genes. In
contrast, muscle differentiation in each segmental unit of
the fly embryo takes place nearly simultaneously, resulting
in a more distinct onset of transcription (Paululat et al.,
1999).
We have assembled a cDNA microarray optimized for the
analysis of mouse development and used it to systematically
assess gene expression in mouse embryos from e8.0 to
R.A. Wagner et al. / Developmental Biology 288 (2005) 595–611 609postnatal day 1, during which many of the most important
events of organogenesis occur. We limited our analysis to
timepoints of e8.0 or later at which sufficient RNA could be
prepared to directly label cDNA for array hybridization to
avoid potential problems associated with linear amplification
procedures. Previous extensive validation of array results using
the same arrays and methods has been performed using
quantitative real-time reverse-transcription polymerase chain
reaction, and the array results have been confirmed for
essentially all genes tested (Tabibiazar et al., 2003, 2005a,b;
Wagner et al., 2004). Additionally, the array results are
validated by their tight correspondence with a large number
of previously documented developmental expression patterns,
suggesting that the microarray data are accurate and reliable.
Therefore, based on the use of the same arrays, methods, and
stringent statistical parameters, further validation of these
microarray results by qRT-PCR is not required (Hamatani et
al., 2004; Ko et al., 2000; Wang et al., 2004). This study has
produced gene expression data that are comprehensive and
quantitative and complements elegant analyses of preimplan-
tation embryonic development (Hamatani et al., 2004; Wang et
al., 2004; Zeng et al., 2004) as well as analyses of embryonic
development in other model organisms (Arbeitman et al., 2002;
Birnbaum et al., 2003; Furlong et al., 2001; Hill et al., 2000;
Jiang et al., 2001; Kim et al., 2001). The findings are the result
of careful experimental design and stringent statistical
analyses using multiple complementary approaches and are
consistent between multiple replicates, with known global
expression patterns, and with the behavior of known genes.
We have touched on only a few of the intriguing findings
present in this rich compendium, and further analysis will
undoubtedly reveal additional insights. As a whole, the data
provide a baseline for developmental biologists studying gene
regulatory networks and systems biology. At the individual
gene level, the data are an important and reliable foundation
for the analysis of many aspects of mammalian embryonic
and organ development and provide a starting point for the
study of disease models, transgenic, and knockout mice in
the continuing quest to understand the mechanisms of
development.
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